Although much is known about extrinsic regulators of platelet function such as nitric oxide and prostaglandin I 2 (PGI 2 ), considerably less is known about intrinsic mechanisms that prevent overly robust platelet activation after vascular injury. Here we provide the first evidence that regulators of G-protein signaling (RGS) proteins serve this role in platelets, using mice with a G184S substitution in G i2␣ that blocks RGS/G i2 interactions to examine the consequences of lifting constraints on G i2 -dependent signaling with-out altering receptor:effector coupling. The results show that the G i2␣ (G184S) allele enhances platelet aggregation in vitro and increases platelet accumulation after vascular injury when expressed either as a global knock-in or limited to hematopoietic cells. Biochemical studies show that these changes occur in concert with an attenuated rise in cyclic adenosine monophosphate levels in response to prostacyclin and a substantial increase in basal Akt activation. In contrast, basal cyclic adenosine monophosphate (cAMP) levels, agonist-stimulated increases in [Ca ؉؉ ] i , Rap1 activation, and ␣-granule secretion were unaffected. Collectively, these observations (1) demonstrate an active role for RGS proteins in regulating platelet responsiveness, (2) show that this occurs in a pathway-selective manner, and (3) suggest that RGS proteins help to prevent unwarranted platelet activation as well as limiting the magnitude of the normal hemostatic response. (Blood. 2010;116(26):6092-6100)
Introduction
The hemostatic response to injury in humans and other species with a closed, high-pressure circulatory system represents a balance between minimizing blood loss and avoiding vascular occlusion. How this balance is achieved is only partially understood. Hemostatic thrombi are formed by a combination of fibrin and platelets. While fibrin deposition is controlled by regulating production of thrombin and subsequently by protease inhibitors, platelet activation is controlled by limiting the availability of platelet agonists and by releasing inhibitors such as prostaglandin I 2 (PGI 2 ) and nitric oxide from endothelial cells. PGI 2 and nitric oxide prevent unwarranted platelet activation by raising basal cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) levels. Coming from a source outside of the platelet, they can be viewed as extrinsic regulators of platelet function. Here we asked whether platelet activation is also subject to autonomous (ie, intrinsic) regulation that limits the extent of platelet accumulation by limiting internal platelet signaling.
Although there are multiple ways that intrinsic regulation could be accomplished, most platelet agonists activate members of the G protein-coupled receptor family, making G proteins a logic target for regulation. In general, G proteins remain active until hydrolysis of G ␣ -bound guanosine-5Ј-triphosphate (GTP) restores the resting state. The rate of inactivation is determined in part by members of the regulators of G-protein signaling (RGS) family, which accelerate GTP hydrolysis by G ␣ . [1] [2] [3] [4] The 37 known RGS proteins have a 120 amino acid RGS domain that can interact with the switch region of activated G ␣ . 5, 6 As many as 10 RGS proteins have been reported in platelets, although many of them solely at the level of RNA transcripts. [7] [8] [9] [10] [11] [12] Nothing is known about the impact of these proteins on platelet activation in vitro or in vivo.
Here we asked whether RGS proteins limit platelet accumulation during thrombus formation and, if so, whether this is through an effect on the initiation or the magnitude of the platelet response to agonists. Because of uncertainty about the full repertoire of RGS proteins expressed in platelets, the paucity of available RGS protein gene knockouts, and ambiguities about the specificity of RGS/G ␣ interactions, we studied mice in which a substitution (G184S) in the ␣ subunit of G i2 renders it resistant to accelerated turn-off by all RGS proteins. 13 This allowed us to focus on one particular G protein and the potential effects of unrestrained signaling downstream of that G protein mediated by either the ␣ subunit or the ␤␥ heterodimer. G i2 , which is only 1 of 4 G i family members expressed in platelets, was selected because (1) platelets from G i2␣ knockout mice have a distinct loss of function phenotype, suggesting the absence of functional redundancy among the family members 14, 15 and (2) G i2 is the dominant signaling entity downstream of the adenosine diphosphate (ADP) receptor P2Y 12 , the target for several widely prescribed antiplatelet agents. 16, 17 RGS-resistant mutations analogous to the G i2␣ (G184S) substitution have also been described in other G proteins. In each case, the mutations have been shown to impair RGS:G ␣ interactions without altering receptor:effector coupling. 13, 18, 19 The biologic impact of the substitution is expected to vary depending on the signaling context of the affected G protein and the extent to which internal controls for these pathways exist.
Here we show that removing RGS protein-dependent restraints on even a single G i2␣ allele produces a gain of function phenotype in platelets, shifting the dose/response curve for affected agonists to the left in vitro and increasing platelet accumulation at sites of vascular injury in vivo. The results also show that removing RGS restraints on G i2 is sufficient to prime signaling pathways within the platelet even before an agonist is added. The increased responsiveness to agonists is not limited to ADP but retains specificity for pathways known to be mediated by G i2 . These observations indicate that platelet activation is subject to intrinsic as well as extrinsic regulation, show for the first time that RGS proteins serve this role in platelets in an agonist-selective, pathway-specific manner, and provide a novel insight into receptor:effector coupling specificity in platelets that complements earlier work that we and others have done on G-protein knockouts in platelets.
Methods

Materials
Apyrase, ADP, PGI 2 , prostaglandin E1 (PGE 1 ), forskolin, 3-isobutyl-l-methylxanthine (IMBX), and aspirin were from Sigma-Aldrich. PAR4 agonist peptide H-AYPGKF-NH2 was from Bachem. U46619 was from CalBiochem. Collagen was from Chrono-log. Convulxin (CVX) was from Alexis Biochemicals. Horseradish peroxidase linked anti-mouse and anti-rabbit monoclonal antibodies, Lumigen PS-3 detection reagent for western blots, and the cAMP Biotrak EIA system were from GE Healthcare. The Rap1 Activation Assay kit was from Millipore. Phospho-Akt (Ser473) and Akt antibodies were from Cell Signaling. Cangrelor was a kind gift from Dr. Jayne Prats (The Medicines Company). Ready Gel 4%-15% precast gels, ImmunoBlot polyvinylidene fluoride membrane, and nonfat dry milk were from Bio-Rad Laboratories.
Mouse lines
G i2␣ (ϩ/G184S) mice backcrossed at least 10ϫ into C57Bl/6 were described previously. 13 Breeding was carried out between G i2␣ (ϩ/G184S) and G i2␣ (ϩ/ϩ) mice from previous crosses to produce heterozygous and wild-type offspring. Experiments were performed with sex-and littermatched mice. To prepare mice expressing the G184S substitution solely in hematopoietic cells, fetal livers were isolated from 14-16 days postcoitus (d.p.c.) wild-type or G184S/G184S fetuses and injected retro-orbitally into lethally irradiated male wild-type recipients (Cesium-137, 11 Gy, Gammacell 40 Exactor; MDS Nordion). Intravital microscopy experiments were performed at least 4 weeks after the transplant. Hematopoietic reconstitution was confirmed by measuring platelet counts before intravital experiments. All animal studies were carried out in compliance with University of Pennsylvania Institutional Animal Care and Use Committee approved protocols.
Platelet aggregation
Blood was drawn from the inferior vena cava of anesthetized mice (100 mg/kg Nembutal) using a heparinized syringe (1000 U/mL, 1:100 dilution with blood), diluted 1:1 with HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]-Tyrode buffer, and spun at 800 rpm for 6 minutes to isolate platelet-rich plasma (PRP). PRP from one mouse of each genotype was used for aggregation experiments. Platelet counts (Beckman-Coulter, Z1) were adjusted to 2.5 ϫ 10 8 platelets/mL with HEPES-Tyrode buffer. Aggregation was measured in a dual-channel Chrono-log lumiaggregometer at 37°C with constant stirring at 800 rpm after allowing the platelets to equilibrate to 37°C for 3 minutes. For studies using apyrase (1 U/mL) and Cangrelor (100nM), the inhibitor was added to PRP 3 minutes before agonist addition. Aspirin-treated (1mM) samples were allowed to incubate for 30 minutes at room temperature before agonist addition.
␣-granule secretion
Platelets from 2 mice of each genotype were resuspended in Tyrode buffer at a final concentration of 2 ϫ 10 7 platelets/mL. Aliquots (100 L) of the platelet suspension were incubated with 5 L of fluorescein isothiocyanateconjugated P-selectin antibody (BD Pharmingen) or an isotype-matched control. After 15 minutes at 37°C with or without AYPGKF, the platelets were diluted with 400 L of phosphate-buffered saline before immediate analysis by flow cytometry using a BD Biosciences FACSCalibur.
Preparation of washed platelets
PRP was diluted with HEN buffer (10mM HEPES pH 6.5, 1mM EDTA [ethylenediaminetetraacetic acid], 150mM NaCl). For cAMP measurements, the HEN wash buffer was supplemented with 1mM aspirin. For Akt phosphorylation experiments, HEN buffer was supplemented with 1mM aspirin and 0.05 U/mL apyrase to prevent receptor desensitization. 20 For the Rap1 activation assay, the HEN buffer was supplemented with 1M PGE 1 during the wash steps. For the Ca ϩϩ experiments, the HEN buffer was supplemented with 1 U/mL apyrase and 1M PGE 1 during wash steps. Platelets were sedimented at 1300 rpm for 15 minutes and then resuspended in HEPES-Tyrode buffer to the desired platelet counts.
Cytosolic Ca ؉؉ measurements
Washed platelets pooled from 2 mice of each genotype were resuspended in 1.5 mL of HEPES-Tyrode buffer containing 1 U/mL apyrase and 1M PGE 1 and incubated with 25 L of Fura-2AM in DMSO (1 mg/mL) for 45 minutes in the dark. Afterward, the platelets were washed with HEN buffer and resuspended in HEPES-Tyrode buffer at 2 ϫ 10 8 platelets/mL. A 384-well microtiter plate containing platelet agonists was prepared on a PerkinElmer Janus. A separate microtiter plate containing diluted platelet suspension (1 ϫ 10 6 platelets/well) was prepared on a PerkinElmer Evolution. Agonists were dispensed on a Molecular Devices FlexStation. Fura2 fluorescence was measured at excitation 340/380 nm and emission 510 nm for 4 minutes in every column of the plate. The 340/380 fluorescence ratio R(t) was scaled to the mean baseline value for each well R 0 (t), and relative calcium concentrations were quantified as R(t)/ R 0 (t). All conditions were tested in replicates of 8.
cAMP measurements
Except for the basal cAMP determinations, washed platelets (2.5 ϫ 10 8 / mL) were incubated for 30 minutes at 37°C with 500M IMBX to inhibit cAMP phosphodiesterase activity. Platelets were stimulated with 20M forskolin, 15M PGI 2, and ADP for 10 minutes as indicated. The reaction was stopped with the addition of 1 volume of 10% ice-cold trichloroacetic acid after which the samples were mixed by vortexing, lysed by rapid freezing and thawing, and then spun to remove precipitates. cAMP was measured using the Biotrak EIA system from GE Healthcare. Samples used to measure basal cAMP levels were not incubated with IMBX, forskolin, PGI 2, or ADP.
Akt phosphorylation
Washed platelets were prepared using blood from 2 mice of each genotype and adjusted to 2.5 ϫ 10 8 platelets/mL with a total volume of 0.2 mL. After incubation with 250M AYPGKF, 3 volumes of ice-cold sodium dodecyl sulfate sample buffer containing protease inhibitors was added. Samples were then incubated at 95°C with gel-loading buffer for 5 minutes and spun in a microcentrifuge to remove precipitates. Proteins were separated using 4%-15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and then transferred to polyvinylidene fluoride membranes. Nonspecific binding was prevented with 5% nonfat dry milk in Tris-buffered saline (TBS, 1 hour at room temperature). Membranes were incubated with primary antibody (1:500 in 5% milk in TBS) overnight at 4°C, washed 3 times with 0.1% Tween-20 in TBS, exposed to the appropriate secondary antibody for 2 hours at room temperature (1:5000 in 5% milk TBS), washed 5 times with Tween-20 in TBS, incubated with Lumigen PS-3 detection reagent for 5 minutes at room temperature, and then exposed to film. Samples from each genotype were run on the same gel. Quantitation of band strength was performed using ImageJ (National Institutes of Health [NIH] Version 1.42). Stripping and reprobing membranes for total Akt provided loading controls for analysis.
Rap1 activation assay
Washed platelets were prepared using blood from 2 mice of each genotype and adjusted to 4.0 ϫ 10 8 platelets/mL and a total volume of 0.5 mL. After incubation with indicated amounts of ADP for 5 minutes at room temperature, platelets were lysed with Rap1 activation lysis buffer containing protease inhibitors and spun in a microcentrifuge at high speed for 10 minutes at 4°C to remove cell debris. Lysates were removed and processed as instructed by Millipore. Controls to indicate the total amount of Rap1 from each batch of platelets studied were obtained by immunoblotting platelet lysates unexposed to Ral GDS RBD agarose. Samples were immunoblotted as described previously with the Akt experiments. Samples from each genotype were run on the same gel. Quantitation of band strength was performed using ImageJ (NIH).
Intravital microscopy
Intravital microscopy was performed as previously described. 21 In brief, F(ab) 2 fragments of anti-CD41 antibodies (clone MWReg30; BD Biosciences) were labeled with Alexa 647 using the Alexa Fluor Protein Labeling kit (Molecular Probes). Mice were anesthetized with an intraperitoneal injection of sodium pentobarbital (90 mg/kg). Anesthesia was maintained with 5 mg/kg pentobarbital as required through a jugular vein cannula. The cremaster muscle was exteriorized and kept hydrated with buffer (135mM NaCl, 4.7mM KCl, 2.7mM CaCl 2 , 18mM NaHCO 3 , pH 7.4). Labeled anti-CD41 (0.2 g/g bodyweight) was infused 10 minutes before the first injury. Arterioles with undisrupted flow were chosen, and injury was induced using a pulsed nitrogen dye laser at 440 nm focused through the microscope optics. Widefield fluorescence (635 nm excitation wavelength) or confocal fluorescence and brightfield images were collected alternately for up to 3 minutes after injury formation using an Olympus BX-61WI fluorescence microscope (Olympus) with a 40ϫ water immersion objective lens (numeric aperture 0.8) and recorded using a Cooke SensiCam digital camera. Data were analyzed using SlideBook 5.0 (Intelligent Imaging Innovations). Up to 10 injuries were made in each mouse.
Flow chamber studies
Platelet adhesion and aggregation on collagen was measured in a microfluidics flow chamber as previously described. 22 The chamber was coated with acid soluble collagen (0.3 mg/mL; Inamed Biomaterials). Whole blood anticoagulated with H-(D)-Phe-Pro-Arg-chloromethylketone (PPACK, 93M final concentration; EMB Biosciences) was perfused at 1000 seconds Ϫ1 for up to 5 minutes and then increased to 10 000 seconds Ϫ1 .
Results
In vivo effects of the RGS-insensitive mutation on thrombus formation
Mice that are homozygous for the G i2␣ (G184S) allele exhibit reduced birth frequency and viability, growth retardation, skeletal abnormalities, splenomegaly, cardiac hypertrophy, tachycardia, and an increase in monocyte and neutrophil counts. 13 Heterozygous G i2␣ (ϩ/G184S) mice lack these abnormalities. They are born with a near-expected frequency when produced in crosses between heterozygous and wild-type mice and show only an initial small reduction in body mass that resolves. Cardiac size is normal in the G i2␣ (ϩ/G184S) mice as are the platelet, erythrocyte, total leukocyte, neutrophil, and monocyte counts.
Given the physiologic abnormalities present in the homozygous mice, we focused most of our efforts on the heterozygous mice, starting by assessing platelet response to arterial injury in vivo. In the assay used, a pulsed laser was used to make localized injuries to the wall of arterioles in the cremaster muscle microcirculation. Thrombus formation was visualized in real time with fluorescently labeled platelets. This injury model is primarily (but not exclusively) thrombin driven. 23 The data in Figure 1 show that the initial rate of platelet accumulation in the G i2␣ (ϩ/G184S) mice was the same as in matched controls. However, the maximum extent of platelet accumulation was approximately twice as great, as was the area under the fluorescence-versus-time curve, which is roughly proportional to the number of platelets incorporated into the thrombus. Notably, this increase in platelet accumulation was not associated with an increase in occlusive events, which rarely occur in this thrombosis model.
To observe the effects of having 2 copies of the mutant allele and, at the same time, exclude possible effects of the mutation on cells within the vascular wall, laser injury studies were also performed in irradiated wild-type mice reconstituted with hematopoietic cells harvested from wild-type and G i2␣ (G184S/G184S) embryos. A similar increase in platelet accumulation was observed (supplemental Figure 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). As with the globally expressed G i2␣ (ϩ/G184S) mice, this increase did not accompany a difference in the initial rate of platelet accumulation or frequency of occlusive events.
Ex vivo effects of the RGS-insensitive mutation
Platelet aggregation was recorded after addition of either ADP, a PAR4 thrombin receptor agonist peptide (AYPGKF), a thrombox-ane A 2 (TxA 2 ) mimetic (U46619), collagen or convulxin (CVX), a snake venom lectin that activates platelet glycoprotein VI collagen receptors. In each case, G i2␣ (ϩ/G184S) platelets responded significantly better than controls at low agonist concentration, reflecting a shift in the aggregation dose/response curve to the left (Figure 2) . In contrast, there was no shift in the dose/response curve for ␣-granule secretion in response to AYPGKF (supplemental Figure 2) .
A gain of function when G i2␣ (ϩ/G184S) platelets are stimulated with ADP would be expected if RGS proteins normally constrain platelet responses downstream of G i2 -coupled P2Y 12 receptors. However, collagen and CVX receptors are not coupled directly to G i2 , 24 and signaling downstream of thrombin and TxA 2 receptors in platelets is usually attributed to G q and G 12 family members rather than to direct activation of G i family members. 25 To determine whether the results obtained with collagen and CVX are due to secreted ADP, platelets were preincubated with Cangrelor (ARC-69931MX), a selective inhibitor of P2Y 12 . 26 In the presence of the inhibitor, the rate and extent of platelet aggregation caused by collagen and CVX were reduced, and there was no longer a difference between the G i2␣ (ϩ/G184S) and wild-type platelets (compare Figure 3A -B with the responses to collagen and CVX in Figure 2 ). This shows that the gain of function with collagen and CVX observed in the absence of Cangrelor is due to the autocrine and paracrine effects of secreted ADP rather than a primary effect on collagen receptor signaling.
In contrast, blocking P2Y 12 receptors with Cangrelor or hydrolyzing secreted ADP with apyrase did not eliminate the difference between G i2␣ (ϩ/G184S) and control platelets activated by AYPGKF or U46619 ( Figure 3C-G) . Although possible contributions from other secreted agonists whose receptors are coupled to G i2␣ cannot be excluded, this suggests that PAR4 thrombin receptors and TxA 2 receptors, unlike platelet collagen receptors, are able to couple directly to G i2 . AYPGKF-induced platelet aggregation was reduced a bit further by adding apyrase with aspirin to inhibit TxA 2 production, but here again the difference between G i2␣ (ϩ/G184S) and wild-type mice persisted, providing further evidence that PAR4 couples directly to G i2 signaling pathways.
Additional evidence for the lack of a primary effect on collagen was obtained in studies measuring platelet adhesion and accumulation on a collagen-coated surface within a microfluidics flow chamber. 22 The chambers were perfused with whole blood from G i2␣ (ϩ/G184S) and wild-type mice anticoagulated with the direct thrombin inhibitor, PPACK. No differences were observed in either the rate or extent of platelet accumulation (Figure 4) . At the end of this period, the shear rate was increased 10-fold to challenge thrombus stability. A trend toward greater stability was observed for the G i2␣ (ϩ/G184S) platelets but did not reach statistical significance. Note, however, that these observations were performed with the flow chamber coated with a relatively high concentration of collagen. Based on the results of the aggregation studies with collagen and CVX, it is possible that reducing the collagen concentration would have revealed a greater difference between the G i2␣ (ϩ/G184S) and control platelets by increasing dependence on released ADP. 27
Rendering G i2␣ RGS-insensitive produces a gain of function in suppression of cAMP formation and activation of Akt
Signaling pathways in platelets that are believed to be regulated via G i2 include inhibition of cAMP formation by adenylyl cyclase, activation of the phosphatidylinositol 3-kinase pathway and, possibly, activation of the small GTPase Rap1b. There is also evidence in cells other than platelets that G ␤␥ derived from G i family members can activate phospholipase C␤, leading to phosphoinositide hydrolysis and an increase in cytosolic Ca ϩϩ . 28 To better understand the mechanisms underlying the observed gain of function in the G i2␣ (ϩ/G184S) platelets, we measured the impact of the G i2␣ (G184S) mutation on each of these pathways. In contrast to the G i2␣ knockout, which causes an increase in basal cAMP levels in platelets, 15 the basal cAMP concentration in G i2␣ (ϩ/G184S) platelets was indistinguishable from matched controls: 7.0 Ϯ 1.3 (het) and 6.5 Ϯ 0.7 (control) pmol/10 8 platelets (mean Ϯ SEM; n ϭ 8, P ϭ .785). However, the large increase in cAMP levels that normally occurs when platelets are incubated with either forskolin or PGI 2 was attenuated in G i2␣ (ϩ/G184S) platelets ( Figure 5A) . Notably, the fractional inhibition of cAMP formation by ADP was unaffected ( Figure 5B ), indicating that receptor:effector coupling remains intact. These results suggest a role for G i2 and RGS proteins in determining how high the cAMP levels rise in response to endothelium-derived PGI 2 . A diminished cAMP response to PGI 2 in G i2␣ (G184S)-expressing platelets would be expected to contribute to the gain of function that we observed in vivo, just as knocking out the PGI 2 receptor has been shown to do in earlier studies. 29 G i -dependent signaling in platelets mediated by G i -derived G ␤␥ activates phosphatidylinositol 3-kinase ␤ isoforms, leading to phosphorylation and activation of the serine/threonine kinases Akt1 and Akt2. 20, 30, 31 Figure 6A compares Akt activation in G i2␣ (ϩ/G184S) and matched control platelets using Ser473 phosphorylation as a marker. As seen in previous studies, resting wild-type platelets exhibited negligible Akt phosphorylation, followed by an increase in phosphorylation when AYPGKF was added. In contrast, G i2␣ (ϩ/G184S) platelets exhibited robust Akt phosphorylation even in the absence of an agonist. In fact, Akt phosphorylation in unstimulated G i2␣ (ϩ/G184S) platelets exceeded that seen in activated wild-type platelets and showed little, if any, change when AYPGKF was added. This striking increase in basal Akt phosphorylation was present even when Cangrelor, aspirin, and apyrase were added (data not shown), suggesting that it is not due to release of small amounts of ADP or formation of TxA 2 during platelet handling.
The RGS-insensitive G i2␣ mutant does not affect Rap1b activation or changes in cytosolic Ca ؉؉
Rap1b activation is one of the critical steps leading to ␣ IIb ␤ 3 activation in platelets. [32] [33] [34] Loading of Rap1b with GTP has been shown to occur downstream of both G q and G i2 , with the predominant determinant being a G q -mediated increase in cytosolic Ca ϩϩ concentration which activates guanine nucleotide exchange by CalDAG-GEF. In contrast to Akt activation, there was no increase in Rap1b activation in response to ADP. There was also no increase in basal Rap1b-GTP levels ( Figure 6B ).
Finally, because of suggestions from the literature that G i -derived G ␤␥ can activate phospholipase C␤, we examined the effect of the G i2␣ (G184S) substitution on changes in the cytosolic Ca ϩϩ concentration when G i2␣ (ϩ/G184S) and matched control platelets were incubated with ADP, AYPGKF, U46619, or CVX. A novel high throughput assay was used which allows multiple agonists to be studied in replicate at several concentrations of each agonist without requiring large amounts of blood. Each agonist tested caused an increase in cytosolic Ca ϩϩ , but the extent of the increase was unaffected by the presence of the G i2␣ (G184S) substitution (Figure 7) . This finding is consistent with the unperturbed timing and extent of Rap1 activation in G i2␣ (ϩ/G184S) platelets. It suggests that, in this context, there is no crosstalk between G i2 -and G q -mediated pathways in the presence of the G184S mutation. Stimulation of phospholipase C by G ␤␥ derived from G i either does not occur in platelets or occurs at too low a level to dictate changes in cytosolic Ca ϩϩ .
Discussion
The ability of platelets to respond to vascular injury is essential for hemostasis but carries a risk of unintended vascular occlusion, especially when arterial disease compromises endothelial barrier function. Here we have asked whether platelet accumulation in response to vascular injury is regulated by intrinsic mechanisms that limit platelet responses. In particular, we asked whether members of the RGS protein family might perform such a regulatory role, limiting signaling in a G protein-selective, pathwayspecific manner. Although it has been shown that overexpression of RGS proteins in cells other than platelets can inhibit signaling, 35 we used a different approach, taking advantage of a line of mice expressing a G i2␣ variant that interacts poorly with RGS proteins as a class. This allowed us to focus on the consequences of signaling by a single G protein unconstrained by any of the RGS proteins that appear to be expressed in platelets.
The results show that even a single RGS-insensitive G i2␣ allele is sufficient to increase platelet aggregation at low agonist concentrations and to double the extent of platelet accumulation after vascular injury. Because G protein ␣ subunits possess intrinsic GTP hydrolysis activity that is retained in the absence of RGS proteins, an increased response at suboptimal agonist concentrations is what would be expected if RGS proteins normally restrain G i2 -dependent signaling. In investigating possible changes in specific biochemical processes that might underlie the observed phenotypic changes, we found that neither the rise in cytosolic Ca ϩϩ that usually accompanies platelet activation, Rap1b activation, which is predominantly Ca ϩϩ -driven, nor ␣-granule secretion were altered in G i2␣ (ϩ/G184S) platelets. The basal cAMP concentration, which is elevated in platelets from G i2␣ (Ϫ/Ϫ) mice, 15 was also unchanged. However, the ability of PGI 2 and forskolin to raise cAMP levels in platelets was attenuated in G i2␣ (ϩ/G184S) platelets, and basal Akt phosphorylation was greatly increased, even when P2Y 12 was blocked and TxA 2 formation suppressed.
Collectively, these observations show that the G184S substitution in G i2␣ produces a pathway-selective gain of function in platelets. This gain of function is confined to G i2 -mediated events and does not spill over to events in platelets that raise the cytosolic Ca ϩϩ concentration and subsequently activate Rap1b, events that are predominantly G q -driven in platelets. Notably, the G i2 -mediated gain of function was observable even before an agonist was added. Thus, the marked increase in basal Akt phosphorylation and the reduced cAMP concentration in platelets incubated with PGI 2 and forskolin, even before ADP was added.
This suggests that the interaction of RGS proteins with G i2␣ normally has 2 related roles: helping to provide a threshold to platelet activation and limiting the response to injury once platelet activation has occurred. Because platelet activation by physiologic agonists other than collagen is thought to require a combination of G i -and G q -dependent signaling, 36 increased basal and stimulated activity in G i -dependent pathways can account for the leftward shift in the dose/response curve for platelet aggregation that we observed ex vivo when G i2␣ (ϩ/G184S) platelets were activated by agonists coupled to G q . It can also, along with a blunted response to locally generated PGI 2 , account for the increase in platelet accumulation that we observed after vascular injury in vivo.
Although it might be argued that the effects of the G i2␣ (G184S) allele observed in the vascular injury model with heterozygous mice could also be due in part to the presence of G i2␣ (G184S) in cells other than platelets, the corroborating ex vivo data showing a gain of function in platelet aggregation and G i2 signaling pathway intermediates in G i2␣ (ϩ/G184S) mice suggests a uniquely platelet phenotype, as does the gain of function observed in the G i2␣ (G184S/ G184S) radiation chimeras. Note, however, that the chimeras do not exclude additional contributions from G i2␣ (G184S) expressed in hematopoietic cells other than platelets.
Priming G i -dependent signaling downstream of P2Y 12 ADP receptors helps to account for the enhanced responsiveness of G i2␣ (ϩ/G184S) platelets that we observed, but it is unlikely to be the sole explanation. We also found that the G i2␣ (G184S) substitution produced increased responses to PAR4 and TxA 2 receptor agonists even when a contribution from secreted ADP was eliminated. This suggests that either there is a linkage between thrombin, TxA 2 , and G i2 activation, 37, 38 a point that has been debated in the platelet literature 39 or that PAR4 and TxA 2 receptor agonists (but not collagen) cause release of a molecule other than ADP whose receptors are coupled to G i2␣ . Conversely, the observation that changes in the cytosolic Ca ϩϩ concentration occurred as usual in G i2␣ (ϩ/G184S) platelets suggests that activation of phospholipase C␤ by G i2 -derived G ␤␥ , which does occur in neutrophils, does not contribute significantly in platelets, a conclusion that is also supported by observations on platelets from P2Y 12 knockout mice. 16, 40 Elucidating the exact nature of this apparent cooperativity between G q and G i2 events provides an interesting avenue for further study.
The presence of a large number of RGS proteins in platelets with differences in their G-protein selectivity and ability to interact with the membrane, receptors, and other signaling or scaffold proteins offers a rich potential mechanism for fine tuning platelet responses to different agonists. Platelets are thought to express at least 10 different RGS protein family members, 7-12 varying in their selectivity for G-protein family members and ability to interact with proteins other than G ␣ . 35 The unique identity of specific RGS-G protein interactions, restraints provided by these interactions, and receptor-specific effects are unclear. Variants analogous to the G184S substitution in G i2␣ have been established for other G proteins but have not been engineered into mice. 13, 18, 19 It is, therefore, not yet possible to state with certainty that the observations developed here that support a regulatory interaction between RGS proteins and G i2␣ also apply to the other G proteins that are expressed in platelets. However, given the presence in platelets of RGS proteins capable of interaction with G q␣ , we predict that this will prove to be the case.
In summary, the present studies show for the first time that Gprotein signaling pathways in platelets are normally restrained by RGS family members and that removing these restraints from G i2 -mediated events promotes platelet activation in vitro and increases platelet accumulation in vivo. The potential power of this mechanism is suggested by the readily detectable effects of taking it away even when only half of the G i2␣ has been rendered RGS-resistant, leaving the other half of the G i2␣ and all of the G i1␣ , G i3␣ , and G z␣ susceptible to inhibition. Because platelet accumulation after injury in the G i2␣ (ϩ/G184S) mice usually did not continue to the point of occlusion, it is likely that other constraints exist as well, including those that might be directed against G q -dependent signaling pathways as well as those involving extrinsic factors. Conversely, the ability of RGS proteins to restrict the duration of signaling by susceptible G protein ␣ subunits suggests that means exist to regulate RGS:G ␣ interactions, allowing signaling to begin before it is shut down. Constraints mediated by RGS proteins may also be relevant at another level. Recent evidence suggests that a growing hemostatic plug comprises a core of fully active platelets overlaid with a labile layer of partially activated platelets, some of which will become fully activated and stably adherent. 41, 42 The balance between stable and transient attachment may be regulated in part by the rate at which RGS proteins shut down signaling downstream of platelet receptors for agonists such as ADP and TxA 2 . Finally, although here we have focused on the effects of a very specific, wellcharacterized amino acid substitution in G i2␣ , it is reasonable to speculate that other sequence variations within the G i2␣ switch domain or in the RGS proteins themselves may affect RGS/G i2␣ interactions. Were such variations to occur naturally, they might well contribute to the spectrum of thrombotic risks that occur between individuals.
